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Abstract

Photoneutron production during disruptions was monitored on the FTU machine by a set of calibrated BF3 pro-

portional counters. Both hydrogen and deuterium discharges covering a wide density range were examined. The

functional dependence of the photoneutron production on ne, Zeff and Ip is in agreement with the Dreicer generation,

being the main source of runaway electrons during disruptions in FTU. No detectable photoneutron production was

observed at a plasma density higher than 1.4 ´ 1020 mÿ3, corresponding to Zeff values close to 1. The typical runaway

energy was evaluated from the curve of the photoneutron yield per electron vs. energy for disruptions characterized by a

hesitation in the plasma current decay. Damage by disruption generated runaways was found to be concentrated

around the inboard equatorial plane as suggested by temperature and activation measurements. Ó 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Damage of plasma facing components by disruption

generated runaway electrons is of major concern for

present and (above all) future tokamak devices like

ITER [1]. Runaway production during the startup and

steady state phase of the discharge can be limited by

carefully adjusting the current ramp-up and gas ®lling

rates, and by controlling the loop voltage. On the con-

trary, during a disruption, the sudden drop in the elec-

tron temperature at the thermal quench leaves the

plasma in a high resistive status, which raises the loop

voltage to very high values, inductively sustained by the

collapsing poloidal magnetic ®eld. The acceleration of

the high energy electron tail by this large toroidal elec-

tric ®eld can lead to hundreds of MeV electrons hitting

the material surfaces inside the vacuum vessel. The ex-

tremely localized impact of this runaway beam causes

intolerable heat loads with consequent melting and ab-

lation of plasma facing materials. In addition, volu-

metric heating by these very deeply penetrating electrons

can cause serious damage to internal structures such as

cooling tubes. Unlike the runaways born in the early

phase of the discharge, it is di�cult to predict where the

disruption generated runaway electrons will strike the

in-vessel structures, the outwards shift of their orbits

being counteracted by the movement of the plasma

column during the current decay.

According to Dreicer's theory [2], the birth rate of

runaways during disruptions depends on the values of

toroidal electric ®eld E, electron density ne, electron

temperature Te and Zeff at the end of the thermal quench

in such a way that high values of ne and Te result in a

low creation rate.

The secondary generation mechanism [3] was recently

pointed out as the main source of disruption runaways

for ITER, where tritium decay or Compton scattering of

the gamma rays emitted by the activated wall can pro-

vide the initial population of high energy electrons.

Secondary generation, which does not depend on the

density, is in fact an ampli®cation mechanism: in this

sense in the present devices, other sources being negli-

gible, the initial source of runaways is to be searched for

in the Dreicer primary generation mechanism.
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When runaway electrons hit the plasma facing ma-

terials, (c, n) photonuclear reactions are induced by the

emitted bremsstrahlung radiation, resulting in a photo-

neutron emission [4±6]. Consequently, a strong hard X-

ray emission is always associated with the photoneutron

signal at the disruption, as actually observed by the hard

X-ray monitors.

In the FTU machine [7], the presence of runaway

electrons during the current quench phase of disruptions

was previously postulated on the basis of neutron and

hard X-ray emissions as well as activation measurements

on plasma facing components removed from the in-

board side of the vacuum vessel [8]. In the present work

a systematic analysis of the photoneutron production

during disruptions is reported along with a comparison

between experimental results and predicted runaway

generation rate according to Dreicer's theory.

2. Experimental apparatus

In FTU the plasma column was limited only by a

poloidal limiter prior to 1995, when a full segmented

toroidal limiter was installed on the inboard side of the

vacuum vessel. The poloidal limiter consisted of two

halves: the inner one had a poloidal extension of �150°
and the outer one (removable under vacuum) of �90°.

The toroidal limiter consists of twelve identical sectors

with a poloidal extension of �60°. The outer half of the

poloidal limiter is normally used together with the to-

roidal limiter to protect the outboard side of the vacuum

vessel and the radiofrequency waveguides from runaway

electrons.

The neutron detector system used for the determi-

nation of the photoneutron yield at the disruptions

consisted of a set of six calibrated BF3 proportional

counters (5 ms time resolution) located in pairs above

the machine on R�R0 circle centered on the tokamak

axis [9]. The detectors are calibrated (�15% uncertainty)

for a DD plasma centered at R�R0, while the photo-

neutron production by runaway electrons takes place in

the limiter structures: therefore, the measured photo-

neutron yields should be multiplied by a corrective fac-

tor (evaluated to be of the order of two on JET, see Ref.

[6]) in order to obtain the actual yield.

The photoneutron yield was measured by averaging

the signals of all detectors which did not saturate during

the disruption (the detectors exhibiting di�erent sensi-

tivities): this is a possible source of uncertainty due to

the expected toroidal and poloidal asymmetry of the

photoneutron emission. The lower and upper detection

limits of the detector system were, respectively, �2 ´ 109

and �5 ´ 1012 neutrons/s.

A faster (100 ls) neutron detector (NE213 scintillator

running in the current mode, therefore without n/c dis-

crimination) was also available, but usually saturated in

the disruptions.

The hard X-ray signal was monitored by a standard

NaI scintillator also operating in the current mode (0.5

ms time resolution).

The temperature increase in both poloidal and toro-

idal limiters was monitored by an array of metal-

shielded thermocouples embedded within the tiles, with

the hot junction at 4 mm beneath the plasma facing

surface. In the case of the toroidal limiter, three of the

twelve sectors, located at 0°, 180°, and 300° toroidal

angles, were instrumented with 44 thermocouples.

3. Results and discussion

A large set of FTU disruptive hydrogen and deute-

rium discharges was considered, independent of the kind

of disruption (density limit, low q, etc.), focusing on the

photoneutron production due to runaway electron losses

onto the plasma facing components. In this sense, it

should be stressed that, contrary to other experiments

(TEXTOR [10]), no direct information on runaway

electron creation rate is available for FTU. At the onset

of the disruptions, the main plasma parameters were in

the following ranges: Bt� 6T, Ip� (300±800) kA,

�ne� (1±25) ´ 1019 mÿ3, Zeff � 1±8. In the discharges with

a poloidal limiter, both the inner and outer halves were

made of pure or tungsten coated (thickness 2 mm) mo-

lybdenum alloy (TZM); in the discharges with a full

TZM toroidal limiter, the outer poloidal limiter was

made of Inconel.

The leading criterion in screening the discharges be-

ing the presence of photoneutrons, the dataset obtained

also contains a large number of discharges run with an

ill-conditioned machine. Therefore, the dataset does not

re¯ect the usual situation found in an all metal, clean

tokamak like FTU, with Zeff strongly decreasing with

the increase of the electron density and with physical

sputtering as the main mechanism of plasma pollution

[11]. Nevertheless, as will be shown later, the lack of

photoneutron production and the strong reduction of

hard X-ray emission in high density disruptions, usually

performed with a well-conditioned machine, suggests

that cleanliness and high density play a fundamental role

in the reduction of runaway production during disrup-

tions.

From the point of view of photoneutron production,

two types of disruptions can be observed in FTU: most

of them are abrupt disruptions (with Ip/(DIp/Dt)max of 3±

5 ms) and a very small number (<5% of the total) are

hesitation disruptions, which show no sudden crash of Ip

but a slow decay followed by a plateau phase (with only

a slight decrease of Ip), lasting up to 300 ms, ending

®nally in a hard disruption. In the ®rst case (Fig. 1)

a strong photoneutron emission is observed at the
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beginning of the current decay. In the second case

(Fig. 2) the photoneutron emission period exactly

matches the plateau phase: this phenomenology has al-

ready been observed in carbon bounded disruptions in

JET [6,12], where it was explained as the result of the

current being mainly carried by runaway electrons.

Probably the initial slow current decay allows the plas-

ma column to be controlled by the feedback system, thus

avoiding the abrupt loss of the runaways on the inboard

vessel.

As far as the dependence of the photoneutron yield

on plasma parameters is concerned, according to Dre-

icer's theory the runaway production rate is given by [13]

dnr

dt
� nemek; �1�

where me is the collision frequency of the electrons at the

thermal velocity, nr the runaway electron density and k
is given by

k � K Zeff� �eÿ3 Zeff�1� �=16exp ÿ 1

4e
ÿ

���������������
Zeff � 1

e

r !
: �2�

In Eq. (2) K(Zeff ) is a weak function of Zeff and e�E/

EC, E being the toroidal electric ®eld and EC / ne=Te the

critical electric ®eld. As E � gj0, g being the Spitzer

resistivity and j0 the central current density (whose

pro®le is assumed to be the same in all discharges),

substituting this expression in Eq. (2) the leading term in

the runaway production rate is exp ÿpa2ne

�����
Te

p
=8Zeff Ip

ÿ �
,

where all the quantities refer to the post thermal quench

phase (a is the plasma minor radius). However, in our

case no reliable measurements were available during the

thermal quench. Therefore the values of Zeff , �ne (line-

integrated density) and Ip just before the onset of the

thermal quench were used. Moreover, by taking into

account that the electron temperature at the end of the

thermal quench is related to the plasma current decay

time Ip/(DIp/Dt) [14], which is about the same for all

discharges, the dependence on Te was disregarded.

The analysis has been performed in ohmic discharges

and restricted to disruptions that occurred during the Ip

¯at-top and not showing runaway behaviour before the

disruption (as a result, in the ®nal dataset over 80% of

the discharges have Ip� 500 kA). The database mostly

Fig. 1. Typical disruption (the arrow indicates the time of the

disruption).
Fig. 2. Hesitation disruption (the arrow indicates the time of

the hard disruption).
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includes toroidal limiter discharges as, unfortunately,

just a few ¯at-top disruptive discharges were found

during the short operation with molybdenum or tung-

sten poloidal limiter, the largest part of them being

disruptions occurring during Ip ramp-up with half of

them showing current decay hesitation.

The photoneutron yield at the disruption as a func-

tion of �ne/Zeff Ip is shown in the logarithmic plot of

Fig. 3. A linear dependence is found suggesting that the

Dreicer runaway generation mechanism is dominant in

these disruptions. Irrespective of the other plasma pa-

rameters, no photoneutrons were measured in all dis-

ruptions occurring at �ne > 1.4 ´ 1020 mÿ3, although low

hard X-ray spikes were sometimes present (except at the

highest densities >2 ´ 1020 mÿ3). The value of e below

which no photoneutron production was detected is

�0.02 and �0.05 by assuming post-thermal quench Te

values of 30 and 5 eV, respectively. The hesitation dis-

ruptions, not included in Fig. 3, always have very high

photoneutron yield (>0.6 ´ 1011 neutrons). The spread

found in the data may be partly due to the above as-

sumption on Te and to the use of pre-thermal quench

values of the quantities appearing in the ratio �ne/Zeff Ip.

However, the main contribution to the data spread is to

be attributed to the strong dependence of the photo-

neutron yield on the runaway electron energy which can

vary from shot to shot (as shown below).

The energy of the disruption generated runaway

electrons was estimated in two di�erent ways: (a) by c-

ray spectroscopy identi®cation of radionuclides pro-

duced by photonuclear reactions in the inboard limiter

materials, where only disruption generated runaways are

expected to impinge; (b) by integrating the measured

loop voltage, Vloop, over the duration of the disruption.

In case (a), a lower limit on the runaway energy is

given by the energy thresholds of the identi®ed photo-

nuclear reactions, which are in the 7±18 MeV range.

In case (b) the maximum energy is given by ec ò E

dt > ec ò (Vloop/2pR0) dt, where e and c are, respectively,

the electron charge and the speed of light: Vloop values in

the range 70±150 V were measured corresponding to

energies �15±35 MeV. Such energy values may be in-

creased by about a factor two, re¯ecting the di�erence

between the measured Vloop and the actual voltage at the

plasma axis [6].

The typical runaway energy can also be evaluated

from the curve of the photoneutron yield per electron vs

energy if the number of runaways is known. In hesitation

disruptions, where during the Ip plateau phase (when

Vloop� 0) the largest fraction of the current is thought to

be carried by the runaway electrons, the number of

runaways responsible for the observed photoneutron

production can be determined by assuming that the slight

Ip decrease in the plateau phase corresponds to an actual

loss of runaway electrons onto the limiter. A detailed

calculation was performed, following Ref. [6] and the

assumptions therein, to determine the photoneutron

yield per electron as a function of energy. As the runaway

energy inferred from activation measurements (case a) is

in the 7±18 MeV range, the calculations were improved

with respect to Ref. [6] with an exact evaluation of the

integral giving the photoneutron yield per electron, in

order to extend the results to the low energy range: in the

calculations the runaway electrons were assumed to be

stopped in the inboard limiter material (Mo, W), while

the bremsstrahlung photons either in the limiter or wall

material (Fe). The accuracy of the calculated photoneu-

tron yield per electron was estimated to be of the order of

30%. The results for the three possible material combi-

nations are plotted in Fig. 4. The experimental photo-

neutron yields per electron determined for some

disruptions with Mo poloidal limiter are shown in Fig. 5.

Depending on whether the photons were stopped in the

limiter (Mo) or in the wall (Fe), runaway energies rang-

ing from 11 to 14 MeV are obtained.

Fig. 3. Photoneutron yield vs. �ne/Zeff Ip.

Fig. 4. Photoneutron yield per electron vs. energy (the ®rst el-

ement in the labels denotes the electron stopping material, the

second one the photon stopping material).
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The range of runaway electron energies (at ®xed �ne/

Zeff Ip) estimated for FTU can easily account for a two

order of magnitude spread in the photoneutron yield:

this is actually consistent with that observed in Fig. 3.

As far as the secondary generation mechanism is

concerned, an evaluation [15] of the expected grow rate

(1/Jr) (dJr/dt) of the resulting runaway current Jr leads,

for the range of plasma currents considered, to a number

of e-folds during avalanche from 0.6 to 2, corresponding

to an ampli®cation factor from 2 to 7. Therefore, the

e�ect of this generation mechanism on our photoneu-

tron production measurements is not expected to be

particularly relevant, compared to the above mentioned

photoneutron yield spread of a factor �100.

The damage by runaway electrons on the inboard

side of the vacuum vessel is expected to be only pro-

duced during disruptions, as runaways lost during the

steady state portion of the discharge normally hit the

outboard poloidal limiter (due to the e�ect of drift orbit

shift). As a matter of fact, molten activated zones were

found on the equatorial regions of the inboard limiters

[8]. An abnormal temperature increase, DT, was re-

corded by thermocouples embedded within the equato-

rial tiles of the toroidal limiter (preferentially in sector 7)

or of the inboard poloidal limiter, only in discharges

ending with a disruption characterized by a large

amount of photoneutrons.

A rough estimate of the thermal load by electrons

pushed on the inboard toroidal limiter during the col-

lapse of the plasma column was made for one of these

discharges (photoneutron yield �1.7 ´ 1011), for which a

clear image of the impact zone was available from a

CCD camera [16] and strong molybdenum emission

lines were also recorded. The DT� 76°C measured on

the hit tile was related to the energy load ETot by Nr

runaways of average energy Er impinging on the limiter.

The best agreement between the photoneutron yield per

electron Nphotoneutrons/(ETot/Er) calculated by using the

experimental values of Nphotoneutrons and ETot and the one

inferred from the curve in Fig. 4 was found for Er

ranging between 13 and 16 MeV.

4. Conclusions

Photoneutron production during disruptions in FTU

was monitored by a set of calibrated BF3 proportional

counters.

The dependence of the experimental photoneutron

yield on Zeff , ne and Ip is in agreement with the Dreicer

mechanism being the primary source of runaway elec-

trons during FTU disruptions.

At electron density �ne > 1.4 ´ 1020 mÿ3 (corre-

sponding to Zeff close to 1) no photoneutrons were de-

tected, suggesting that in disruptions occurring in high

density clean discharges the runaway production is ei-

ther absent or very low (the runaways are a fraction

<10ÿ9 of the thermal electrons).

The possible presence of an ampli®cation of the

runaway population by the secondary generation

mechanism could not be checked on the basis of the

present neutron measurements. However, this e�ect

should not be large, owing to the rather low plasma

current values.

Diagnostics capable of measuring runaways param-

eters while they still are con®ned (such as thermography)

are strongly desirable to be improved on FTU.
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